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We study the propagation of a weak probe field through an optomechanical system in which N
nearly degenerate mechanical membranes are inside a Febry-Perot cavity, and couple dispersively
to an intracavity field. We derive a general analytical expression for the output probe field. We
show that the in-phase quadrature of the output probe field can exhibit multiple electromagnetically
induced transparency with at most N narrow transparency windows. We find that the superluminal
light can be achieved with at mostN different negative group velocities at the transparency windows.
Moreover, by using a time-dependent strong coupling pulse, we numerically simulate the storage
and retrieval of a weak Gaussian-shaped probe pulse in an optical cavity with two nearly degenerate
mechanical resonators.
PACS numbers: 42.50.Wk, 42.50.Gy
I. INTRODUCTION
Electromagnetically induced transparency (EIT) is a
quantum destructive interference effect that allows the
propagation of a weak coherent probe field through a
three-level atomic medium in the Λ-configuration in the
presence of a strong coupling field [1, 2]. It is found that
the transmitted light can propagate with group veloci-
ties smaller than the speed of light in vacuum c (slow
light) [3, 4], or greater than c or even with negative
group velocities (superluminal light) [5–7]. The super-
luminal light with a negative group velocity ∼ −c/14400
has been observed in a Cs atomic vapor system [6].
Moreover, the studies of the EIT have been extended
to multilevel atomic systems interacting with multiple
laser beams [8–13], whose absorption profiles of a weak
probe field are different from that of three-level Λ sys-
tem. It has been shown that multiple EIT windows in
the probe absorption spectrum are observed in the mul-
tilevel atomic systems [8]. Multiple EIT windows allow
transmissions of the probe light at multiple different fre-
quencies simultaneously. Such multiple EIT could be use-
ful for multi-channel optical communication and multi-
channel quantum information processing. In addition, it
has been demonstrated that light pulses can be stored in
atomic coherences with long lifetime by using the EIT in
atomic mediums [14–16]. The EIT-based light storage is
a promising technique, which leads to the realization of
optical memories [14–16].
Recently, studies of the EIT effect have been extended
to the macroscopic optomechanical systems. It has been
pointed out that the existence of an analogy of the EIT
in the optomechanical systems [17]. And some experi-
ments have been reported for observing the EIT-like dips
in the optomechanical systems [18–21]. Besides, the EIT
in membrane-in-the-middle setup at room temperature
has been demonstrated experimentally [22]. Addition-
ally, the EIT in quadratically coupling optomechanical
systems and the EIT in optomechanical systems using
quantized fields have been analyzed [23, 24]. Quite re-
cently, the EIT in the nonlinearized optomechanical sys-
tems has been discussed theoretically [25–27]. In ad-
dition, it has been shown experimentally and theoreti-
cally that optomechanical systems can be used as opti-
cal memory elements [28, 29] based on the EIT effect.
On the other hand, optomechanical systems with multi-
membranes coupled to a common cavity mode via radi-
ation pressure have been studied, including cooling and
trapping of mechanical modes [30, 31], quantum state
transfer and entanglement between mechanical modes
[32–37].
In this paper, we investigate the response of a Fabry-
Perot cavity with N membranes having close frequencies
to a weak probe field in the absence and the presence of
a strong coupling field. We find that there are at most
N transparency windows in the transmitted probe field
in the presence of the coupling field. We also show that
the group velocity can obtain N different values at the
transparency and can be manipulated by changing the ef-
fective optomechanical coupling strengths. Additionally,
we present that an optical cavity with two membranes
can store and retrieve a probe pulse at two different fre-
quencies.
The paper is organized as follows. In Sec. II, we intro-
duce the system with N membranes interacting with a
single cavity mode, give the equations of motion for the
mean value of the system operators, and obtain the gen-
eral analytical expression for the component of the out-
put field at the probe frequency. In Sec. III, we present
the numerical results for the output probe field from an
optomechanical system with several membranes. In Sec.
IV, we demonstrate that the probe pulse at two differ-
ent frequencies can be stored in mechanical excitations of
the two membranes by applying a writing coupling pulse
and can be retrieved later by applying a reading coupling
pulse. Finally, we conclude in Sec. V.
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FIG. 1: Sketch of the studied system. A strong coupling
field at frequency ωc and a weak probe field at frequency ωp
are sent into an optical cavity consisting of two rigidly fixed
mirrors. One mirror is partially transparent and the other
one is totally reflecting. The N nonabsorbing membranes
are placed inside the cavity. After the interaction between
the cavity field and the membranes, the output field εout will
contain three frequencies (ωc, ωp, and 2ωc − ωp).
We consider an optical Fabry-Perot cavity containing
N lossless membranes with effective mass mn, resonance
frequency ωn, and damping rate γn (n = 1, ..., N), as
shown in Fig. 1. The thickness of each membrane is much
smaller than the wavelength of the cavity field, and each
membrane is partially transparent. The cavity field is
driven by a strong coupling field at frequency ωc. Mean-
while a weak probe field at frequency ωp is injected into
the cavity. The intracavity photons exert radiation pres-
sure forces on each membrane so that each membrane
makes small oscillations. As a result, the resonance fre-
quency of the cavity field depends on the displacement
qn of each membrane, represented by ω0({qn}). Here we
consider the case that all the membranes are located at
the nodes of the frequency ω0({qn}) of the cavity field.
Thus the cavity frequency ω0({qn}) depends linearly on
qn,
ω0({qn}) = ω0 +
N∑
n=1
gn0qn, (1)
where ω0 is the cavity resonance frequency for qn = 0,
gn0 =
∂ω0({qn})
∂qn
|qn=0 is the optomechanical coupling
strength between the cavity mode and the nth mem-
brane.
For convenience, we write the position and momen-
tum operators (qn, pn) of the membranes in terms of the
dimensionless variables (Qn, Pn) with qn =
√
~
mnωn
Qn,
pn =
√
mn~ωnPn, and [Qj , Pk] = iδjk. In a frame rotat-
ing at the driving frequency ωc, the Hamiltonian of the
whole system reads
H = ~(ω0 − ωc)c†c+
N∑
n=1
~ωn
2
(Q2n + P
2
n)
+
N∑
n=1
~gnQnc
†c+ i~εL(c
† − c)
+i~(εpc
†e−iδt − ε∗pceiδt). (2)
Here the first two terms are the energies of the cavity
field and the N mechanical oscillators, respectively. The
c† and c are the creation and annihilation operators of
the cavity field, obey the standard commutation rela-
tion [c, c†] = 1, c†c is the photon number operator of the
cavity field. The third term gives the optomechanical in-
teractions between the cavity field and the membranes,
gn = gn0
√
~
mnωn
. The last two terms describe the in-
teractions of the cavity field with the coupling field and
the probe field, respectively. The εL quantifies the cou-
pling strength between the coupling field and the cavity
field, depends on the power ℘ of the coupling field by
εL =
√
2κ℘
~ωc
, where κ is the photon loss rate of the cavity
through the fixed mirror. The εp represents the coupling
strength between the probe field and the cavity field, it is
related to the power ℘p of the probe field by εp =
√
2κ℘p
~ωp
.
The δ = ωp − ωc is the detuning of the probe field from
the coupling field. In the following, we are interested in
the regime that the mechanical damping rate is much
smaller than the photon decay rate γn ≪ κ.
Taking account of the effects of dissipations of the cav-
ity field and the mechanical oscillators, and neglecting
quantum noise and thermal noise, we obtain the time
evolutions of the expectation values of the system oper-
ators
〈Q˙n〉 = ωn〈Pn〉,
〈P˙n〉 = −ωn〈Qn〉 − gn〈c†〉〈c〉 − γn〈Pn〉,
〈c˙〉 = −{κ+ i[ω0 − ωc +
N∑
n=1
gn〈Qn〉
]}〈c〉+ εL
+εpe
−iδt. (3)
Here we focus on the strong-driving regime, so the mean
field assumption 〈c†c〉 ≃ 〈c†〉〈c〉 and 〈Qnc〉 ≃ 〈Qn〉〈c〉
has been used in Eq. (3). Since the probe field is much
weaker than the coupling field (|εp| << εL), the steady-
state solution to Eq. (3) can be approximated to the first
order in the probe field εp. In the long time limit, the
solution to Eq. (3) can be written as
〈s〉 = s0 + s+εpe−iδt + s−ε∗peiδt, (4)
where s = Qn, Pn, or c. The solution contains three
components, which in the original frame oscillate at ωc,
ωp, 2ωc − ωp, respectively. Substituting Eq. (4) into Eq.
(3), equating coefficients of e0 and e±iδt, we can obtain
c0, c+, and c−.
3The output field can be obtained by using the input-
output relation εout = 2κ〈c〉 [38]. In analogy with Eq.
(4), we expand the output field to the first order in the
probe field εp,
εout = εout0 + εout+εpe
−iδt + εout−ε
∗
pe
iδt, (5)
where εout0, εout+, and εout− are the components of the
output field oscillating at frequencies ωc, ωp, 2ωc − ωp.
Hence, the component of the output field at the probe
frequency ωp which we are interested in is εout+ = 2κc+.
We assume the frequencies of the N membranes are
slightly different, and the mean value of them is ωm.
If δ = ∆, and δ = ωm, the interactions between the
cavity field and the membranes are nearly the strongest.
In addition, it is assumed that the frequencies of the N
membranes are much larger than the cavity decay rate
ωn ≫ κ. Under these conditions, the component of the
output field at the probe frequency is
εout+ ≃ 2κ
κ− i(δ − ωm) +
∑N
n=1
G2n/2
γn
2
−i(δ−ωn)
, (6)
where Gn = gn|c0| is the effective optomechanical cou-
pling rate, c0 =
εL
κ+i∆ , ∆ = ω0 − ωc +
∑N
n=1 gnQn0 is
the effective detuning of the coupling field from the cav-
ity resonance frequency, including the frequency shift in-
duced by the radiation pressure. Let us write εout+ as
εout+ = υp + iυ˜p, where υp and υ˜p are the in-phase and
out-of-phase quadratures of the output probe field, rep-
resenting the absorptive and dispersive properties of the
output probe field, respectively. The quadratures can be
measured via the homodyne technique [38].
When γn ≪ κ, εout+ is extremely small at δ = ωn
(n = 1, 2, 3, ..., N) . Thus if all the frequencies of the N
membranes are different, the optomechanical system be-
comes transparent at N different frequencies of the probe
field in the weak coupling regime
√
2Gn < κ. The full
linewidth at half maximum (FWHM) of each EIT dip is
about γn +
G2n
κ , which can be broadened by increasing
the power of the coupling field.
Next we assume that L (1 < L < N) of the frequencies
of the membranes are equal to ω, i.e., (ω1 = ω2 = ... = ω)
and the left N − L are different from ω, the output field
at the probe frequency becomes
εout+ ≃ 2κ
κ− i(δ − ωm) +
∑L
n=1
G2n/2
γn
2
−i(δ−ω) +
∑N
n=L+1
G2n/2
γn
2
−i(δ−ωn)
. (7)
If
√
2Gn < κ, N − L + 1 transparency windows exist in
the output probe field.
Finally if all the N membranes have the same fre-
quency ωn = ωm, the same damping rate γn = γ, and
the same coupling rate Gn = G, the output probe field
reduces to
εout+ ≃ 2κ
κ− i(δ − ωm) + NG2/2γ
2
−i(δ−ωm)
, (8)
whose form is similar to that of an optomechanical system
with a single mechanical oscillator [17]. If
√
2NG < κ,
there is only one transparency window at line center δ =
ωm in the output probe field, its FWHM is about γ+
NG2
κ .
On the other hand, the group velocity of the output
probe field can be determined by [39]
vg =
c
1 + 12 υ˜p +
δ
2
∂υ˜p
∂δ
, (9)
where c is the velocity of light in vacuum. It is noticed
that the group velocity vg depends on the out-of-phase
quadrature υ˜p, the slope
∂υ˜p
∂δ , and the probe detuning δ.
III. NUMERICAL RESULTS OF THE OUTPUT
PROBE FIELD
In this section, we numerically evaluate the quadra-
tures υp, υ˜p, and the group velocity vg of the output
probe field when the cavity have N membranes whose
frequencies are very close.
The values of the parameters chosen are similar to
those in [40]: the mean value of the frequencies of the
N membranes is ωm = 2pi × 134 kHz, the cavity decay
rate κ = ωm/5, (κ/ωm = 0.2 < 1, the system is in the
resolved sideband regime), the mechanical damping rates
are taken to be equal γn = 2pi × 0.12 Hz.
We plot the phase quadratures υp and υ˜p of the out-
put probe field as a function of the normalized probe de-
tuning δ/ωm for a system with two membranes (Fig. 2),
three membranes (Fig. 3), and four membranes (Fig. 4).
We assume that all membranes are coupled to the cav-
ity field with the same optomechanical coupling strength
Gn = 0.4κ. In the absence of the coupling field, υp (dot-
ted curve) has the standard Lorentzian absorption shape,
whereas υ˜p (dot-dashed curve) has a standard dispersion
shape. In the presence of the coupling field, υp (solid
curve) exhibits narrow two, three, and four transparency
windows in Figs. 2-4. The multiple transparency win-
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FIG. 2: (Color online) The quadratures υp (dotted and solid
curves) and υ˜p (dot-dashed and dashed curves) of the out-
put probe field as a function of δ/ωm in the absence (dotted
and dot-dashed curves) and the presence (solid and dashed
curves) of the coupling field for a system with two mem-
branes. Parameters: ω1 = ωm + 0.05ωm, ω2 = ωm − 0.05ωm,
G1 = G2 = 0.4κ.
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FIG. 3: (Color online) Same as in Fig. 2 except for a system
with three membranes. Parameters: ω1 = ωm+0.05ωm, ω2 =
ωm, ω3 = ωm − 0.05ωm, G1 = G2 = G3 = 0.4κ.
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FIG. 4: (Color online) Same as in Fig. 2 except for a system
with four membranes. Parameters: ω1 = ωm + 0.05ωm, ω2 =
ωm − 0.05ωm, ω3 = ωm + 0.1ωm, ω4 = ωm − 0.1ωm, G1 =
G2 = G3 = G4 = 0.4κ.
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FIG. 5: (Color online) The normalized group velocities vg/c
at the two transparency windows in Fig. 2 as a function of
δ/ωm. Parameters: ω1 = ωm + 0.05ωm, ω2 = ωm − 0.05ωm,
G1 = G2 = 0.4κ.
dows display that the optomechanical system becomes
simultaneously transparent to the probe field at multi-
ple different frequencies, which is the result of the de-
structive interferences between the input probe field and
the anti-Stokes fields generated by the interactions of the
coupling field with the multi-membranes. Moreover, We
also note that the EIT dips are accompanied by steep
variations of υ˜p (dashed curve) with identical negative
slopes, which lead to the generation of superluminal light
with nearly equal group velocities. For a cavity with
two membranes, the group velocities vg around the two
transparency windows are shown in Fig. 5. At the trans-
parency points δ/ωm = 1.05, 0.95, the group velocities
are vg = −0.0155c,−0.0171c, respectively.
We also plot the phase quadratures υp and υ˜p of the
output probe field for a system with three membranes
(Fig. 6). But each membrane is coupled to the op-
tical mode with nonidentical optomechanical coupling
strengths G1 = 0.2κ, G2 = 0.4κ, G3 = 0.7κ. It
is seen that three transparency windows with different
linewidths appear in the quadrature υp of the output
probe field. And the negative slopes of υ˜p at the trans-
parency are different, which results in three different
group velocities of the output probe light at three dif-
ferent frequencies δ/ωm = 1.05, 1, 0.95. Our calculations
show vg = −0.0038c at δ/ωm = 1.05, vg = −0.0163c at
δ/ωm = 1, vg = −0.0544c at δ/ωm = 0.95.
Finally, in Fig. 7, we give an example about a system
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FIG. 6: (Color online) Same as in Fig. 2 except for a system
with three membranes. Parameters: ω1 = ωm+0.05ωm, ω2 =
ωm, ω3 = ωm − 0.05ωm, G1 = 0.2κ, G2 = 0.4κ, G3 = 0.7κ.
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FIG. 7: (Color online) Same as in Fig. 2 except for a system
with four membranes. Parameters: ω1 = ωm + 0.05ωm, ω2 =
ω3 = ω4 = ωm − 0.05ωm, G1 = G2 = G3 = G4 = 0.4κ.
with four membranes, but three of them having identical
frequency, i.e., ω1 = ωm+0.05ωm, ω2 = ω3 = ω4 = ωm−
0.05ωm. Note that only two transparency windows with
different linewidths occur in the quadrature υp of the out-
put probe field. The transmitted probe light at the two
different frequencies δ/ωm = 1.05, 0.95 are propagating
at the different group velocities vg = −0.015c,−0.053c.
IV. STORAGE AND RETRIEVAL OF LIGHT IN
A CAVITY WITH TWO MEMBRANES
Since the mechanical membrane damping rate γn is
much smaller than the cavity decay rate κ, an optical
cavity with multiple membranes can store a weak probe
field at different frequencies as long-lived mechanical ex-
citations in the membranes simultaneously under the EIT
condition. Here we take a cavity with two membranes for
example. We show the possibility of storing and retriev-
ing a probe light pulse at two different frequencies in such
a system. We assume that the probe laser pulse and the
coupling laser pulse are time-dependent, and they have
Gaussian shapes
εp(t) = εp exp
[− (t− twr)
2
2τ2p
]
,
εL(t) = εL exp
[− (t− twr)
2
2τ2L
]
+ εL exp
[− (t− trd)
2
2τ2L
]
,
(10)
where twr and trd are the central time of the writing and
reading coupling lasers. The difference trd−twr gives the
storage time. The τp and τL are the widths of the probe
pulse and the coupling pulse, respectively. We assume
that τp ≤ τL and τ−1p is less than the FWHM of EIT dip
(γn +
G2n
κ ) (n = 1, 2). Moreover, the coupling pulse is
much stronger than the probe pulse so that the solution
to Eq. (3) can take the form 〈o〉 = o0 + o+e−iδt + o−eiδt
(o = Qn, Pn, or c), then a set of coupled differential
equations o0, o+, and o− can be derived from Eq. (3),
and they can be solved numerically.
We use the following parameters for numerical sim-
ulations: ωm = 2pi × 134 kHz, ω1 = ωm + 0.05ωm,
ω2 = ωm − 0.05ωm, κ = ωm/5, γ1 = γ2 = 2pi × 0.12
Hz, g1 = g2 = 0.0008κ, λ = 1064 nm, ℘ = 0.04 µW,
∆ = ωm, τp = τL = 0.6 ms, twr = 3 ms, trd = 9 ms.
Hence τ−1p = 2pi× 265 Hz, which is less than the FWHM
of EIT dip (γ1 +
G2
1
κ = γ2 +
G2
2
κ = 2pi × 1678 Hz),
We plot the normalized power |εL(t)/εL|2 of the in-
put coupling field, the normalized power |εp(t)/εp|2 of
the input probe field, the normalized output probe power
|[2κc+(t)−εp(t)]/εp|2, and the normalized intensity of the
mechanical excitation |κQj+/εp|2 for δ = ωn (n = 1, 2)
in Figs. 8 and 9. For δ = ω1, when a writing control pulse
is applied, the EIT occurs due to the nonlinear interac-
tion between the input coupling pulse and the movable
membrane at frequency ω1, it is seen that a fraction of
the probe pulse leaves the cavity, leading to the first peak
of the solid curve in Fig. 8(b), while a part of the probe
pulse is converted into the mechanical excitation of the
membrane at frequency ω1 via the downconversion pro-
cess ωp − ωc = ω1 and stored for a storage time of about
trd − twr = 6 ms (Fig. 8(c)), and then retrieved by ap-
plying a reading coupling pulse via the upconversion pro-
cess ωc + ω1 = ωp (the second peak of the solid curve in
Fig. 8(b)). For δ = ω2, the solid curves in Fig. 9(b)(c)
show a similar result. Therefore, a probe pulse at two
different frequencies ωp = ωc + ω1 and ωp = ωc + ω2 can
be stored and retrieved by an optical cavity containing
two membranes.
V. CONCLUSIONS
In conclusion, we have discussed the response of an op-
tomechanical system which includes N membranes hav-
ing slightly different frequencies to a weak probe field
in the presence of an intense coupling field. We have
given a general analytical expression for the output probe
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FIG. 8: (Color online) (a) The normalized power |εL(t)/εL|
2
of the applied coupling field as a function of time t (s). (b)
The normalized power |εp(t)/εp|
2 of the input probe field
(dot-dashed curve) and the normalized output probe power
|[2κc+(t)−εp(t)]/εp|
2 (solid curve) as a function of time t (s).
(c) The normalized intensity |κQ1+/εp|
2 of the mechanical
excitation of the membrane at frequency ω1 as a function of
time t (s). Parameter: δ = ω1.
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FIG. 9: (Color online) (a) The normalized power |εL(t)/εL|
2
of the applied coupling field as a function of time t (s). (b)
The normalized power |εp(t)/εp|
2 of the input probe field
(dot-dashed curve) and the normalized output probe power
|[2κc+(t)−εp(t)]/εp|
2 (solid curve) as a function of time t (s).
(c) The normalized intensity |κQ2+/εp|
2 of the mechanical
excitation of the membrane at frequency ω2 as a function of
time t (s). Parameter: δ = ω2.
field. We have shown that the system can exhibit the
phenomenon of multiple EIT. At most N transparency
windows can be observed. The linewidths of the trans-
parency windows increase with the effective optomechan-
ical strengths. The dispersion behavior of the probe field
shows steep anomalous dispersion at the EIT dips, which
results in negative group velocities for the output probe
field at multiple frequencies. At most N different nega-
tive values of the group velocities at the transparency
can be obtained. These group velocities can be con-
trolled by altering the effective optomechanical strengths.
Such controllable multiple EIT windows in a macroscopic
optomechanical system with N membranes permit the
probe field at different frequencies transparent simulta-
neously, hence this system has potential applications in
multi-channel optical communication and multi-channel
quantum information processing. Further this optome-
chanical design can be employed to simultaneously realize
optical memories for the probe field at different frequen-
cies, leading to higher efficiencies in optical communica-
tion.
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